
The N-terminal region of cystatin A~stefin A! binds
to papain subsequent to the two hairpin loops
of the inhibitor. Demonstration of two-step
binding by rapid-kinetic studies of cystatin A
labeled at the N-terminus with a fluorescent
reporter group

SERGIO ESTRADA,1 STEVEN T. OLSON,2 ELKE RAUB-SEGALL,1 and INGEMAR BJÖRK1

1Department of Veterinary Medical Chemistry, Swedish University of Agricultural Sciences, Uppsala Biomedical Center,
Box 575, SE-751 23 Uppsala, Sweden

2Center for Molecular Biology of Oral Diseases, University of Illinois-Chicago, 801 South Paulina St.,
Chicago, Illinois 60612

~Received June 13, 2000;Final Revision August 24, 2000;Accepted August 24, 2000!

Abstract

The three-dimensional structures of cystatins, and other evidence, suggest that the flexible N-terminal region of
these inhibitors may bind to target proteinases independent of the two rigid hairpin loops forming the remainder
of the inhibitory surface. In an attempt to demonstrate such two-step binding, which could not be identified in
previous kinetics studies, we introduced a cysteine residue before the N-terminus of cystatin A and labeled this
residue with fluorescent probes. Binding of AANS- and AEDANS-labeled cystatin A to papain resulted in;4-fold
and 1.2-fold increases of probe fluorescence, respectively, reflecting the interaction of the N-terminal region with
the enzyme. Observed pseudo-first-order rate constants, measured by the loss of papain activity in the presence
of a fluorogenic substrate, for the reaction of the enzyme with excess AANS-cystatin A increased linearly with
the concentration of the latter. In contrast, pseudo-first-order rate constants, obtained from measurements of the
change of probe fluorescence with either excess enzyme or labeled inhibitor, showed an identical hyperbolic de-
pendence on the concentration of the reactant in excess. This dependence demonstrates that the binding occurs in
two steps, and implies that the labeled N-terminal region of cystatin A interacts with the proteinase in the second
step, subsequent to the hairpin loops. The comparable affinities and dissociation rate constants for the binding of
labeled and unlabeled cystatin A to papain indicate that the label did not appreciably perturb the interaction, and
that unlabeled cystatin therefore also binds in a similar two-step manner. Such independent binding of the N-terminal
regions of cystatins to target proteinases after the hairpin loops may be characteristic of most cystatin–proteinase
reactions.
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Cystatin A ~also called stefin A! is a 98-amino acid protein be-
longing to family I, or stefin family, of the cystatin superfamily of
cysteine proteinase inhibitors. Cystatins efficiently inactivate papain-
like proteinases from widely different sources, for example, lyso-
somal enzymes, like cathepsins B, H, K, L, and S, plant enzymes,
like papain and actinidin, and proteinases from pathogens, like
cruzipain~for reviews, see Barrett et al., 1986; Turk & Bode, 1991;
Turk et al., 1997!. The target proteinases are inhibited as a result
of the cystatins trapping them in tight, although reversible, equi-
molar complexes, in which the active site cleft of the enzyme is
blocked. The X-ray structure of chicken cystatin, the first structure
of a cystatin to be solved~Bode et al., 1988!, showed that evolu-
tionarily conserved residues from the N-terminal region and two
hairpin loops, one central and one C-terminal, are exposed on the
surface of the protein, forming a wedge-shaped edge. In computer
docking experiments, this wedge could fit into the active site cleft
of papain without major conformational changes of either of the
molecules~Bode et al., 1988!, thereby accounting for the forma-
tion of a tight complex. The crystal structure of a complex between
papain and cystatin B~stefin B! resolved later~Stubbs et al., 1990!
essentially verified this mode of interaction. Further support for
the reactions of cystatins with papain, and other proteinases having
easily accessible active site clefts, occurring with minimal confor-
mational changes of the two proteins has come from analyses of
the kinetics of binding of the inhibitors to such enzymes. These
kinetics, monitored by changes of tryptophan fluorescence, are
thus consistent with a rapid, almost diffusion-controlled, one-step
binding reaction~Björk et al., 1989; Björk & Ylinenjärvi, 1990;
Lindahl et al., 1992a; Turk et al., 1992, 1995; Pol et al., 1995!. In
contrast, cystatin C has been shown to bind to cathepsin B, an
enzyme in which the active site cleft is partially covered by the
“occluding loop” ~Musil et al., 1991!, by a two-step mechanism,
presumably because this loop has to be displaced in a second step
before a tight complex can be formed~Nycander et al., 1998!.

Studies of the solution structures of cystatin A~stefin A! ~Martin
et al., 1995!, chicken cystatin~Dieckmann et al., 1993!, and cy-
statin C ~Ekiel et al., 1997! by NMR have revealed that the
N-terminal portion of the inhibitory wedge is highly flexible, in
contrast with the more rigid first and second binding loops. Trun-
cation of the N-terminal region substantially increases the rate of
dissociation of complexes of cystatins with proteinases having
accessible active sites, such as papain, consistent with this region
participating in anchoring the inhibitor to the proteinase~Lindahl
et al., 1992b; Björk et al., 1994; Estrada et al., 1999!. However,
such truncation does not affect the rate of complex formation with
these proteinases, indicating that the N-terminal region is not nec-
essary for the fast association of the two molecules~Lindahl et al.,
1992b; Björk et al., 1994; Estrada et al., 1999!. The N-terminal
region may thus bind to proteinases with accessible active sites
subsequent to the other binding regions in a reaction that was not
detected by the kinetics studies. However, interaction of the
N-terminal region with cathepsin B appears to precede and facil-
itate the displacement of the occluding loop in the binding of
cystatins to this enzyme~Björk et al., 1994, 1995, 1996; Nycander
et al., 1998!.

In this work, we have used the efficient expression system de-
veloped for the production of human cystatin A~Pol et al., 1995;
Estrada et al., 1998! to express a variant of the inhibitor with an
extra cysteine residue before the N-terminal methionine residue of
the wild-type protein. Fluorescent probes, AANS or AEDANS,
were attached to this cysteine as specific reporter groups of the

interactions involving the N-terminal region of the inhibitor in the
binding to papain. The results do indeed indicate that the N-terminal
region binds to papain in a second step after the remainder of the
inhibitory wedge has interacted with the enzyme.

Results

Expression and labeling

The1Cys-cystatin A variant, having an extra Cys at the N-terminus,
was expressed with a His-tag, and purified essentially as in pre-
vious work ~Pol et al., 1995; Estrada et al., 1998!, although with
minor modifications due to the presence of the free cysteine res-
idue. As the formation of dimers, like those seen with cystatin B
~Turk et al., 1992!, might have interfered with the cleavage of the
His-tag by enterokinase, the protein was treated with DTT before
incubation with the enzyme. About 70% of the His-tagged protein
was recovered as cleaved inhibitor, giving a yield of;5 mg0L of
induced culture. The purified variant gave only one band in SDS-
PAGE, and N-terminal sequence analysis confirmed the presence
of a cysteine preceding Met-1 of wild-type cystatin A. Labeling of
the cysteine residue with the fluorescent reporter groups, AANS or
AEDANS, resulted in incorporation of 1.05 and 1.1 mol of label
per mol of protein, respectively, as determined from the absor-
bance of the label and the protein concentration, measured by
absorbance at 280 nm. Because of the large contribution of the
AANS group to the latter absorbance, the protein concentration of
AANS–cystatin A was also measured by quantitative amino acid
analysis, which gave an incorporation of 1.1 mol of label per mole
of protein. Both the AANS- and AEDANS-labeled cystatin A forms
bound to papain with stoichiometries of 0.95–1.05, as shown by
titrations monitored by either the increase of probe fluorescence
accompanying the binding~see below! or by the loss of enzyme
activity.

Fluorescence changes on binding to papain

Fluorescence spectra showed that the binding of AANS–cystatin A
to papain was accompanied by an appreciable;4.2-fold increase
of probe fluorescence and a shift in the wavelength of the emission
maximum from 462 to 453 nm. The fluorescence change on bind-
ing of AEDANS–cystatin A to papain was much smaller,;1.2-
fold, with a wavelength shift from 493 to 489 nm.

Kinetics of AANS–cystatin A binding to papain

The observed pseudo-first-order rate constantkobs for reactions of
AANS–cystatin A with papain, measured by monitoring changes
of probe fluorescence in a stopped-flow instrument, showed a
hyperbolic dependence on the concentration of the reactant in ex-
cess~Fig. 1A!. This dependence was similar for experiments done
with either an excess of enzyme or labeled inhibitor. The data were
fitted to the hyperbolic functionkobs5 klim@R#00~K0.5 1 @R#0!, in
which klim represents the limiting rate constant for the reaction,
K0.5 is the concentration of the reactant in excess at which half of
the limiting rate constant in reached, and@R#0 is the concentration
of the reactant in excess. Both sets of data gave good fits to this
equation, with similar values forklim of 2306 7 s21 and 2506 50
s21 and forK0.5 of ~9.86 0.6! 3 1026 M and ~116 3! 3 1026 M
for analyses with excess of papain and inhibitor, respectively
~Fig. 1A!.
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In contrast to this behavior,kobs for the inhibition of papain by
an excess of AANS–cystatin A, derived from progress curves mon-
itored by substrate cleavage in the stopped-flow fluorimeter and
corrected for substrate competition, increased linearly with inhib-
itor concentration up to the highest concentration that could be
analyzed~Fig. 1A!. The second-order association rate constantkass

obtained from the slope of this plot agreed well with thekass-values
calculated from the initial slopes of the fits ofkobs monitored by
probe fluorescence~Table 1!. These values are about sevenfold
higher than that for the reaction of the unlabeled wild-type inhib-
itor with papain~Table 1!.

The intercept on the ordinate in the kinetic analysis of enzyme
inhibition in the presence of substrate, which reflects the overall
rate constant for the dissociation of the AANS–cystatin A–papain
complexkdiss was indistinguishable from zero. This rate constant
was therefore determined in separate experiments by a displace-
ment procedure and was identical, within experimental error, to the
value for the unlabeled wild-type inhibitor~Table 1!. The overall
dissociation equilibrium constantKd of the complex was calculated
from kdiss andkass ~Table 1!, and was eightfold lower than that of
the complex of papain with unlabeled cystatin A, due almost ex-
clusively to the higherkass.

Kinetics of AEDANS–cystatin A binding to papain

kobs for reactions of AEDANS–cystatin A with papain, measured
by monitoring the change of probe fluorescence with excess en-
zyme, increased linearly with papain concentration up to as high
concentration as could be studied~Fig. 1B!. Analyses with an
excess of labeled inhibitor were not possible because of the low
fluorescence change. The value ofkassobtained from this plot was
in good agreement with that measured by monitoring enzyme in-
hibition in the presence of substrate with excess inhibitor in a
lower concentration range~Table 1!. The two kass values were
about twofold higher than that for unlabeled wild-type cystatin A
~Table 1!. A kdiss about half of that of the unlabeled inhibitor was
measured by a displacement assay, which together with the higher
kass led to about a fourfold lowerKd ~Table 1!.

Discussion

The fluorescence changes observed on binding to papain of cysta-
tin A with either of the two fluorescent probes, AANS or AEDANS,
attached to the N-terminus are consistent with transfer of the probes
to a more hydrophobic environment. These changes must reflect
the interaction of the N-terminal region with the proteinase shown
previously to stabilize cystatin–proteinase complexes~Machleidt
et al., 1989; Abrahamson et al., 1991; Auerswald et al., 1994;
Björk et al., 1994; Hall et al., 1995; Estrada et al., 1998, 1999!.
AANS was found to be an appreciably more sensitive reporter
group of this interaction than AEDANS.

The same hyperbolic concentration dependence ofkobs for the
binding of AANS–cystatin A to papain, monitored by changes of
probe fluorescence, was seen with excess enzyme or labeled in-
hibitor. This behavior indicates that the binding occurs in two steps
~Fersht, 1985!:

P1 I
k11

&&
^̂

k21

PI
k12

&&
^̂

k22

PI*.

In the first step, proteinase~P! and inhibitor ~I ! form an initial
complex~PI!, which is converted in the second step to the final
complex~PI*!. The observed hyperbolic dependence requires that
the fluorescence change is induced in the second step, which there-
fore must involve the interaction of the labeled N-terminal region
with the proteinase. Consequently, the first step must reflect an
initial binding of the remainder of the binding region, i.e., the two
hairpin loops, to the enzyme. The hyperbolic concentration depen-
dence also implies that the binding of the AANS-labeled N-terminal
region is sufficiently slow to be seen as a separate step in the
stopped-flow time frame. As discussed in detail later, the linear
dependence seen with AEDANS–cystatin A suggests that the bind-

Fig. 1. Pseudo-first-order rate constantskobs for the binding of AANS- or
AEDANS–cystatin A to papain as a function of the concentration of the
reactant in excess.A: AANS–cystatin A.~n! Dependence ofkobs, moni-
tored by the loss of enzyme activity, on AANS–cystatin A concentration;
~d! dependence ofkobs, monitored by the increase of AANS fluorescence,
on AANS–cystatin A concentration;~C! dependence ofkobs, monitored by
the increase of AANS fluorescence, on papain concentration.B: AEDANS–
cystatin A.~n! dependence ofkobs, monitored by the increase of AEDANS
fluorescence, on papain concentration. Values ofkobsmonitored by the loss
of enzyme activity were corrected for substrate competition. The vertical
bars represent the standard errors. Error bars not shown lie within the
dimensions of the symbols. The solid lines represent linear or nonlinear
regression fits.
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ing of the N-terminal region labeled with this probe is too rapid to
be distinguished as a separate step.

The use of two different reporters of the AANS–cystatin A–papain
reaction, inactivation of the enzyme and binding of the N-terminal
end, enables individual rate constants for the two-step reaction to
be estimated. The limiting rate constantklim of the hyperbolic
concentration dependence must represent the forward rate constant
k12 of the second step involving binding of the labeled N-terminal
region, which is rate-limiting at high reactant concentrations.k12

should thus be;230 s21. Moreover, for the first step, reflecting
the binding of the hairpin loops,k21 must be,,k12, as indicated
by the linear concentration dependence ofkobsmonitored by loss of
papain activity. Under this steady-state condition, the formation of
the initial complex, in which the enzyme already is inactive, is
essentially irreversible. Measurements of enzyme activity there-
fore report only the first step, leading to the observed linear con-
centration dependence. Thus,k21 must be,,230 s21. A reasonable
estimate is;1 s21, the measured value ofkdiss for a complex of
papain with cystatin A lacking the N-terminal region~Estrada et al.,
1999!. The conditionk21 ,, k12 further means that the first step is
not in rapid equilibrium, in contrast to the situation in many other
two-step binding reactions~Fersht, 1985!. Moreover, for this con-
dition, the parameterK0.5 derived from the hyperbolic fits isk120
k11, and askass is the initial slope of these fits, i.e.,k120K0.5, it
follows thatk11 5 kass. The identical value ofkassobtained in the
analyses monitored by loss of papain activity, which reflect only
the first step, with those obtained by measurements of probe flu-
orescence strongly support this conclusion. This internal consis-
tency also attests to the validity of the proposed model. Therefore,
k11 should be;2 3 107 M21 s21. Finally, k22, the reverse rate
constant of the binding of the labeled N-terminal region, can be

estimated to;13 1024 s21 from the overallKd and the values for
k11, k21, andk12 given above. This value fork22, although de-
pendent on the estimated value fork21, indicates that the equilib-
rium of the second step is strongly shifted in favor of binding of
the labeled N-terminal region. The proposed mechanism and rate
constants are further supported by the value forkoff measured by a
displacement procedure. For the conditionk21 ,, k12, koff is equal
to k22{k210k2 and should thus be;5 3 1027 s21, a value that is
identical to that measured. It should be noted that the deduced
mechanism predicts that lags should be observed in the fluores-
cence progress curves at high concentrations of the reactant in
excess, which was not seen experimentally. However, computer
simulations with the DYNAFIT program~Kuzmic, 1996! indicated
that such lags most likely would have been obscured by experi-
mental error under the conditions of the analyses, in particular if
k21 is higher than the value estimated above.

Previous rapid-kinetics studies monitored by tryptophan fluo-
rescence have given no indication of a two-step binding of un-
labeled cystatin A, or other cystatins, to papain~Björk et al., 1989;
Lindahl et al., 1992a; Pol et al., 1995!. This behavior is in apparent
contrast with considerable evidence by X-ray crystallography and
NMR that the flexible N-terminal region may bind independent of
the two hairpin loops~Bode et al., 1988; Stubbs et al., 1990;
Dieckmann et al., 1993; Martin et al., 1995; Ekiel et al., 1997!. Our
strategy of labeling the N-terminus with a fluorescent reporter
group has allowed us to show that the N-terminal region indeed
binds independently in a second step with AANS, although not
with AEDANS, as the reporter. That this region of unlabeled and
AEDANS-labeled cystatin A also binds to the proteinase in a sec-
ond step after the hairpin loops is supported by several lines of
evidence. The similar values ofkdissfor the complexes of unlabeled

Table 1. Association rate constants (kass), dissociation rate constants (kdiss), and dissociation equilibrium constants
(Kd) for the interactions of wild-type cystatin A, AANS–cystatin A, or AEDANS-cystatin A with papaina

Cystatin A form
kass

~M21 s21!
kdiss

~s21!
Kd

~M !

Wild-type 3.13 106 5.53 1027 1.83 10213

@1# @1# @1#

AANS ~2.16 0.01! 3 107 ~5!b ~5.36 0.8! 3 1027 ~2! 2.33 10214c

@7# @1# @8#
~2.36 0.07! 3 107 ~9!d

@7#
~2.36 0.2! 3 107 ~8!e

@7#

AEDANS ~6.16 0.1! 3 106 ~9!b ~2.76 0.1! 3 1027 ~2! 4.43 10214c

@2# @2# @4#
~7.56 0.2! 3 106 ~9!d

@2#

aThe values for wild-type cystatin A are taken from previous work~Pol et al., 1995! and are shown for comparison. Measured
values are given with standard error or range~if derived from only two measurements! and with the number of measurements in
parentheses. Calculated values and values obtained previously are given without errors. Relative values, defined askass, labeled0
kass,wild-type,kdiss,wild-type0kdiss, labeled, andKd,wild-type0Kd, labeled, are given within square brackets. Relative values.1 thus reflect changes
of kass, kdiss, and Kd expected to result in increased binding affinity.

bFrom measurements of papain inhibition by excess labeled cystatin in the presence of substrate.
cCalculated fromkass andkdiss.
dFrom measurements of the change of probe fluorescence with excess papain. Calculated from the initial slope~5 klim0K0.5! of the

plot in Figure 1A for AANS–cystatin A and from the slope of the plot in Figure 1B for AEDANS–cystatin A.
eFrom measurements of the change of probe fluorescence with excess labeled cystatin. Calculated from the initial slope of the plot

in Figure 1A.
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and AANS- or AEDANS-labeled cystatin A with papain thus in-
dicate that the labeling has not affected the interactions of the
unlabeled inhibitor with the proteinase. The observed change of
probe fluorescence therefore presumably does not reflect a direct
interaction of the fluorescent group with the proteinase, but only a
transfer of the probe to a less hydrophilic environment at the
surface of the enzyme. This conclusion is supported by the finding
that deletion of the N-terminal Met residue does not affect the
affinity or kinetics of binding of unlabeled cystatin A to papain
~Estrada et al., 1999!. Moreover, the N-terminal Met is not in-
volved in interactions with papain in the structure of the cystatin
B-papain complex~Stubbs et al., 1990!, suggesting that a label at
a Cys before this Met also would not be in contact with the en-
zyme. Finally, the alternative explanation that the fluorescence
change and two-step reaction seen with AANS–cystatin A reflect a
binding or rearrangement of only the probe, after the three binding
regions of the inhibitor have interacted with the enzyme in a first
step, is highly improbable. In this case, the value forK0.5 of ;103
1026 M derived from the hyperbolic concentration dependence
would reflect the affinity of this initial interaction, a value much
lower than that of;2 3 10213 M measured for the unlabeled
inhibitor, in which all three regions interact with the enzyme. More-
over, as the overallKd for the binding of the labeled inhibitor is
;2 3 10214 M, such a binding or rearrangement would result in
a tightening of the interaction of about 109-fold, an unlikely large
effect.

There are two possible reasons that the binding of the N-terminal
region of cystatin A to papain in a second step was not detected for
AEDANS-labeled or unlabeled cystatin A in these and previous
kinetics studies but was seen for the AANS-labeled inhibitor. The
most likely reason is that the binding of the AEDANS-labeled or
unlabeled N-terminal region subsequent to the hairpin loops is
sufficiently rapid not to be resolved as a separate step in stopped-
flow analyses. However, the AANS-labeled region apparently binds
more slowly, although in the same manner and with the same
interactions as the unlabeled region, thereby allowing its binding to
be detected. A higher rate constant for the interaction of the
AEDANS-labeled or unlabeled N-terminal region than that of;230
s21 seen for the AANS-labeled inhibitor, of, for example, 1,500
s21, together with the lowerkassvalues of;6 3 106 or ;3 3 106

M21 s21 ~Table 1!, would give aK0.5 of ;2.5 3 1024 or ;5 3
1024 M. For these higherK0.5 values, an approximately linear
increase ofkobs, monitored by changes in AEDANS or tryptophan
fluorescence, with the concentration of AEDANS-labeled or un-
labeled cystatin would have been observed up to the highest con-
centrations, 40 or 100mM, respectively, that could be studied in
the present and previous studies. It is thus reasonable that the
binding of the N-terminal region in a second step would have
escaped detection in these studies. Another possible reason that the
independent binding of the unlabeled N-terminal region was not
seen in past studies is that the tryptophan fluorescence change used
to monitor the reaction of unlabeled cystatins with papain may
have only reported the binding of the two hairpin loops in the first
step. In such a case, the subsequent interaction involving the
N-terminal region would not be detected, and simple second-order
kinetics would be observed.

The labeling of the N-terminus of cystatin A with the AANS or
AEDANS groups was found appreciably to increasekass for the
binding of the inhibitor to papain. The increased rate constant may
be caused by an electrostatic steering effect~Schreiber & Fersht,
1996!, due to the negative charge of the probe increasing the rate

of approach of the labeled inhibitor to the enzyme. Interestingly, as
kdiss was unaffected or even slightly decreased, the labeling thus
transformed cystatin A into a more effective inhibitor of papain.

All mammalian cystatins characterized so far are closely related,
and their N-terminal regions, although of different lengths, there-
fore most likely have similar flexibility as has been demonstrated
for cystatin A, cystatin C, and chicken cystatin~Bode et al., 1988;
Stubbs et al., 1990; Dieckmann et al., 1993; Martin et al., 1995;
Ekiel et al., 1997!. Moreover, most target proteinases of these
cystatins, among others the lysosomal enzymes, cathepsins K, L,
and S, have structures highly similar to that of papain, with easily
accessible active sites~Fujishima et al., 1997; McGrath et al.,
1997; Zhao et al., 1997; McGrath et al., 1998; Guncar et al., 1999!.
Independent binding of the N-terminal region of cystatins in a
second step after the two hairpin loops in the manner proposed in
this work therefore presumably is a general feature of cystatin
inhibition of such enzymes.

Materials and methods

Construction of the1Cys–cystatin A vector

ADNAfragment introducing the codon for a Cys residue before that
for Met-1 in the cDNA of human cystatin A was amplified by PCR.
The template was the previously described expression vector for cy-
statin A~Estrada et al., 1998!, which harbors the cDNA for cystatin
A, a removable His-tag and the signal sequence for outer mem-
brane protein A that targets the expressed protein to the periplasmic
space ofEscherichia coli. The upstream primer was 59-GCTC
AGGCGACCATGGGCCATCATCATC and included a restriction
site for Nco I ~underlined!. The downstream primer was 59-GCC
CCCGGGTATCATACACTTGTCGTCGTCGTCGATATGG, and
included anXmaI site ~underlined! as well as the codon for the ad-
ditional Cys~in italics!. The original vector was digested withNcoI
andXmaI, which excised a fragment of 74 bp including the bases
coding for the His-tag, the enterokinase recognition sequence and
the first three residues of cystatin A. The remainder of the vector
was purified, and the excised fragment was replaced by ligation with
the PCR product~77 bp!, which had been cleaved with the same re-
striction enzymes. The resulting plasmid was transformed into the
E. colistrain MC 1061 and propagated on agar plates supplemented
with 100mg0mL ampicillin. Surviving colonies were picked, and
the DNA sequence of the replaced region of the expression vector
was determined.

The 1Cys–cystatin A variant was expressed inE. coli and pu-
rified by Ni11 affinity chromatography as described earlier~Es-
trada et al., 1998!, except that the washing of the column with
75 mM imidazole was omitted. After addition of DTT to 5 mM,
the sample was dialysed against 70 mM Tris-HCl, pH 7.4, con-
taining 2 mM CaCl2 and 0.5 mM DTT, and was then digested with
enterokinase~Biozyme, Blaenavon, UK! at an enzyme to fusion
protein weight ratio of 1 to 500 for 18 h at 378C. The enterokinase
was inactivated by addition of N-tosyl-l-phenylalanine chloro-
methyl ketone to 10mM, and the cleaved cystatin A variant was
recovered by reapplying the sample to the Ni11 column and col-
lecting the unbound fraction.

Labeling of the N-terminus

1Cys–cystatin A~2–7 mg! was incubated for 5 min in 50 mM Tris-
HCl, 100 mM NaCl, 0.1 mM EDTA, and 5 mM DTT, pH 7.4. The
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sample was then applied to a PD-10 column~Amersham Pharmacia
Biotech, Uppsala, Sweden!, equilibrated with the same Tris buffer,
although at pH 8.2 and containing only 0.5 mM DTT. The effluent
protein was collected in a tube containing IAANS or IAEDANS
~Molecular Probes, Inc., Eugene, Oregon! in a 10-fold or fourfold
molar ratio to the protein, respectively~in excess of the amount ex-
pected to react with the DTT in the buffer!. Labeling was done at
room temperature for 30 min or 6 h with IAANS or IAEDANS, re-
spectively. Unreacted labeling reagent and its reaction product with
DTT were then removed on a PD-10 column equilibrated with
50 mM Tris-HCl, 100 mM NaCl, and 0.1 mM EDTA, pH 7.4, fol-
lowed by dialysis of the sample against the same buffer.

Protein concentrations

The purification and activation of papain~EC 3.4.22.2! have been
reported elsewhere~Lindahl et al., 1988; Björk et al., 1994!. Con-
centrations of the enzyme were determined by absorption mea-
surements at 280 nm from a molar absorption coefficient of 55,900
M21 cm21 ~Lindahl et al., 1988!. The molar absorption coefficient
at 280 nm for cystatin A, 8,800 M21 cm21 ~Pol et al., 1995!, was
used also for the1Cys–cystatin A variant and the labeled cystatin
A forms. In calculations of concentrations of the latter, the contri-
bution of the labeling group to the observed absorbance at 280 nm
was first subtracted. This contribution was obtained from absorp-
tion spectra of the reaction products between the labeling reagents
and an excess of 2-mercaptoethanol. The concentration of AANS-
cystatin A was also measured by quantitative amino acid analysis
~Pol et al., 1995!. Concentrations of the AANS and AEDANS
groups were determined from the absorbances at 327 and 336 nm,
respectively, with the use of molar absorption coefficients of 26,000
and 5,700 M21 cm21, respectively~Haugland, 1996!.

Fluorescence

Fluorescence emission spectra were measured in an F-4000 spec-
trofluorimeter ~Hitachi, Tokyo, Japan!, essentially as described
earlier ~Lindahl et al., 1988!. Excitation was at 327 nm with ex-
citation and emission bandwidths of 10 nm for AANS–cystatin A
and at 335 nm with bandwidths of 5 nm for AEDANS–cystatin A.

Stoichiometry of papain binding

The stoichiometries of binding of the labeled cystatin A forms to
papain were measured by titrations, monitored by increase of the
fluorescence of the N-terminal probe accompanying the binding,
of 1 mM labeled inhibitor with the enzyme. The excitation wave-
lengths were 327 and 335 nm, and the emission wavelengths 450
and 490 nm for AANS and AEDANS–cystatin A, respectively. The
binding stoichiometries were evaluated by nonlinear least-squares
regression~Lindahl et al., 1988, 1992a!. The stoichiometry of
binding of AANS–cystatin A to papain was also obtained by titra-
tions in which the residual activities of a series of enzyme samples
at a constant concentration~20 nM! were measured with a fluor-
ogenic substrate after addition of increasing concentrations of the
inhibitor ~Estrada et al., 1998!.

Association kinetics

The kinetics of association of AANS– or AEDANS–cystatin A with
papain were analyzed under pseudo-first-order conditions by

stopped-flow measurements in an SX-17MV instrument~Applied
Biophysics, Leatherhead, UK!, essentially as in earlier work~Björk
et al., 1994, 1995; Turk et al., 1995; Estrada et al., 1998!. The re-
actions were monitored either by product formation resulting from
papain cleavage of a fluorogenic substrate present in the reaction
mixture, or by the increase of probe fluorescence accompanying the
binding. In the experiments monitored by substrate cleavage, the con-
centration of AANS– or AEDANS–cystatin A was 10-fold over that
of the enzyme and varied from 1 to 8mM. The concentration of
the substrate, carbobenzoxy-l-phenylalanyl-l-arginine 4-methyl-
coumaryl-7-amide~Peptide Institute, Osaka, Japan!, was 10mM, and
substrate consumption was,5%. Product formation was moni-
tored with an excitation wavelength of 370 nm and with an emis-
sion filter with 50% transmission at 400 nm. In the analyses
monitored by the increase of probe fluorescence, two sets of ex-
periments were performed with AANS–cystatin A. In the first of
these, the concentration of papain was 10-fold higher than that of
the labeled inhibitor and was varied from 1 to 15mM. In the second
set, the molar ratio was reversed, and the concentration of the la-
beled inhibitor was varied from 1 to 8mM. In the corresponding analy-
ses with AEDANS–cystatin A, only one set of experiments were
done, in which the molar ratio of papain to labeled inhibitor was 10-
fold, and the enzyme concentration was varied from 5 to 40mM.
The excitation wavelengths were 327 and 335 nm for AANS– and
AEDANS–cystatin A, respectively, and the emission was recorded
through the filter with;50% transmission at 400 nm. Observed
pseudo-first-order rate constants~kobs! were calculated by nonlin-
ear least-squares regression analyses of the progress curves~Björk
et al., 1994, 1995!. kobs values determined in the presence of sub-
strate were corrected for substrate competition~Björk et al., 1994,
1995! with a Km value of 60mM ~Hall et al., 1992!.

Dissociation kinetics

The kinetics of dissociation of the complexes between AANS– or
AEDANS–cystatin A and papain were analyzed by essentially ir-
reversibly trapping the enzyme dissociated from the complex with
a large excess of chicken cystatin~Björk et al., 1989; Lindahl et al.,
1992a; Pol et al., 1995!. Chicken cystatin binds much tighter to pa-
pain than cystatin A~Pol et al., 1995!, thereby preventing reasso-
ciation of the liberated enzyme with cystatin A. In the experiments
with AANS–cystatin A, the concentrations of the complex with pa-
pain were 0.7–1mM, and those of the displacing chicken cystatin
~form 1! were 20–50mM. The reactions were monitored by the de-
crease of AANS fluorescence accompanying the dissociation, mea-
sured with excitation and emission wavelengths of 327 and 450 nm,
respectively. In the analyses with AEDANS–cystatin A, the com-
plex concentration was 10mM, and that of chicken cystatin~form
2! was 100mM. Because of the low fluorescence decrease resulting
from the dissociation, the rate was instead monitored by the ap-
pearance of the tight complex between the displacing chicken cy-
statin and the liberated papain by chromatography on a Mono-Q
~Amersham Pharmacia Biotech! ion exchange column~Lindahl et al.,
1992a!. The dissociation rate constants were obtained by nonlinear
least-squares regression analysis of the data to the equation for a sin-
gle exponential reaction~Björk et al., 1989!.

Experimental conditions

All analyses of the interactions between the labeled inhibitors and
papain were carried out at 25.06 0.28C in 50 mM Tris-HCl,
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100 mM NaCl, 0.1 mM EDTA, pH 7.4. The buffer contained 1 mM
DTT in the stopped-flow measurements and also 0.01%~w0v! Brij
35 in the experiments in the presence of substrate.

Miscellaneous procedures

SDS-PAGE under reducing conditions was run on 15% gels~Laem-
mli, 1970!. N-terminal sequence analysis and quantitative amino
acid analysis were done as in Pol et al.~1995!.
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